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Introduction
John Cook appears to have been the first to advocate the use of a baseband radar in 1960 for penetrating ice and snow. He advocated the use of a single cycle of very-high frequency (VHF) which could propagate well through ice, yet would be ofhigh enough resolution to image the bottom surface of the ice mass. ' Since then only a token amount of research and development has been spent in the pursuit of very short, high energy pulses, most of it centering on ground-probing radars, although a good deal of work was done at the Rome Air Development Center during the seventies. ' Recently, however, interest in the arta has been steadily increasing. This is probably due to the notion that an impulse may be able to detect stealth targets where other wide-band radars cannot. Additionally, the technology required for superfast switches required for generating the impulse has matured as well as the technology required to receive and process the ultra-wideband returns.
Along with this renewed interest has come a number of fascinating discoveries, claims, and ideas. These have likewise led to at least two detailed studies on the topic funded by the Defense Advance Research Projects Agency (DARPA) in 19U3 and 1990.4 Applications Many applications' for impulse radar have been proposed. Among the more important ones are:
Ground Probing
This remains the most active area in the field. The capability of easily generating simultaneously wide bandwidth and low frequency make impulse radars perfect for finding buried objects such as pipes and land mines, following mineral seams, identifying rock strata, and imaging ice floes. There are several companies around the world operating impulse radars mounted on carts, trucks, helicopters, airplanes, and interplanetary (Venus) probes. Of particular importance in this area is the ability of ground-probing radar to detect buried non-metallic objects, such as PVC or clay pipes. Since these objects present a change in index of refraction (from the dense ground to the light plastic), the propagating wave is reflected. A positive side-effect of ground probing is that, since the ground is so lossy, poor antenna sidelobes are attenuated, making antenna design less restricting.
Anti-Ship Missile Detection
Detecting sea-skimming missiles presents a unique challenge to a radar. The target return is buried in the noiselike sea-surface return and is further obscured by a severe multi-path situation. It has been proposed that the fine range resolution of an impulse radar will be able to discriminate the real target from the multipath at significant ranges.
Anti-Stealth
The introduction of stealth technology to military targets has obviously led to great interest in ways to counter the stealth features. Ultra-wideband radars (of which impulse radars are one type) are a likely choice since radar absorbing materials cannot absorb all frequencies so some energy at some frequency should be scattered back to the radar. It has been claimed that impulse radar can go far beyond this simple mode and utilize the extremely short pulses to exploitnon-linearitiesin materials that do not appear with longduration pulses. are studied in more detail in this report.
These issues

Definition
We need to spend a few minutes defining exactly what we mean by an impulse radar. In the limit, an impulse radar would be one that produces a time-domain waveform of a Dirac delta function, and have a bandwidth of infinity. Since this function is obviously not possible to generate, a more useful definition for analytic purposes is that an impulse radar genea single cycle with a period of 1% wheref, is the carrier frequency. Such a signal would have a fractional bandwidth of unity, the usual definition of an impulse radar. To be even more realistic, Skolnik allows between 1 and 3 cycles of frequencyfo to allow for the "ringing" that occurs when actually transmitting such a wa~efonn.~ This leads approximately to the common definition of an ultra-wideband radar, which has a fractional bandwidth greater than 0.25,4 or:
The impulse radar is therefore a subset of ultrawidebnnd radars, which can include linear frequency modulation ("chirp") , stepped FM, pseudorandom coding, or other technique. Many of the issues presented in this paper appIy generally to ultra-wideband radars.
SPECTRA
Figure 1 Spectrum of waveforms with 1, 2, and 10 cycles different duration (1, 2, and 10 cycles, representing 1001, 50 % , and 10 % fractional bandwidth, respectively) all having the same carrier frequencyf, are shown. It is clear that the spectrum of single pulse is much wider than the spectrum of a very short pulse of 10 cycles.
Short-Pulse Phenomenon
An obvious question about impulse d a r is: why bother generating an impulse when there are more elegant ways to achieve ultra-wide bandwidth? The reason is that an impulse may have vastly different effects than a smooth waveform on both scattering and absorbing materials.
It is obvious from the spectrum above that an impulse radar has a bandwidth extending from D. C. to twice the center frequency. Such a spectrum is ideally suited for penetrating a lossy medium, such as the earth or radar absorbing materials.
More controversial, though, are theories that the very short duration pulse can excite non-linearities in materials leading to very desirable results. Claims are made that impulse radar renders clutter targets invisible and stealth targets completely visible. While many of the claims seem to be unfounded, there are some interesting effects of short pulses incident on certain materials.
Molecular Relaxation
Since molecules have mass and are spinning with some inertia, they do not respond to electromagnetic fields instantaneously. Molecular Relaxation phenomenon is the theory that a short pulse can propagate through a dielectric medium with reduced attenuation because molecules in the absorbing material do not have time to respond to the incident field. To achieve this, the pulse width needs to be shorter than the "relaxation" time of the absorbing material.4
This is a welldocumented phenomenon first described by P. Debye in 1929. The Debye Relaxation Equation describes the frequency response of a material and is based on modeling the atomic structure of the material as an oscillator, illustrated in Figure 2a , where the inductor L, represents the opposing acceleration forces of adjacent molecules, C, represents the static (or D.C.) permittivity eS resulting from the permanent dipole moments of the material, R, represents the "friction force" acting on the molecules and is influenced by the molecule shape and interactions it encounters. The by-pass capacitor C, represents the high-frequency permittivity E, resulting from moments caused by electronic and atomic polarizabilities of the molecules. This capacitor is what provides the molecular relaxation effect. For liquids and solids, the resistor dominates and the inductor can be neglected, leading to Figure 2b .
The dramatic effect of pulsewidth on bandwidth is shown in Figure 1 . Here the spectrum of several pulses of where E* is the relative complex permittivity, E~' is the static permittivity, or dielectric constant, modeled as C,, and E, ' is the optical or high-frequency permittivity modeled as C,. r is then the relaxation time. All the permittivities are complex, representing both propagation (real part, single prime) and losses (imaginary part, double prime), but it is the real part that contributes to the relaxation effect.
The premise behind the Debye equation is that a static field will align the molecular dipoles in a medium. When the field is removed, the dipoles will decay exponentially from the ordered state to a random state. Debye calculated this time by assuming a spherical molecule and modeled it as a sphere rotating in viscus oil. Using classical hydrodynamics he obtained:
where Vis the volume of the sphere and n is the macroscopic viscosity of the solution. k is Boltzmann's Constant and Tis the temperature in OK.
Performing the calculation for water at room temperature, n=0.01 poise and the sphere radius of a=2 A, the relaxation time is ~=0.25x10'~. This corresponds to a wavelength of about 1 cm. (Hardly necessitating an impulse.)
The resulting relaxation is illustrated in Figure 3 , where k is permittivity, called E in equation (2). The implication of all this to impulse radar is that pulses shorter than the relaxation time of a material can propagate through the material with lower attenuation than longer pulses. Of course the relaxation time varies enormously between materials and has not been measured for most materials.
Signal Precursor Effects
Closely related to Molecular Relaxation is the Signal Precursor Effect. This is the result of an abrupt change in the material refractive index due to molecular resonances.
According to Balanis,' the general electric susceptibihty of a material is a combination of three. different susceptibility modes and given by: xal(b) = dipole electric susceptibility xei(0) = ionic electric susceptibility
~~( 0 )
= electronic electric susceptibility
It should be noted that few materials exhlbit all three mechanisms. Figure 4 shows the electric susceptibility of a representative fictitious material as a function of frequency. (Note that the permittivity of Figure 3 is the left-hand part of the susceptibility of Figure 4. ) We see that there are abrupt changes in the susceptibility as each type of molecular resonance mode is excited. We also see that there are three peaks in the imaginary part of the susceptibility, corresponding to the various resonances of the material. These are the absorption bands of the material. Figure 4 also shows that the susceptibility of the material is very different on each side of a resonance. This was investigated by Sommerfeld and Brillouin, who first discovered the effect in 1914. They found that? 0 At frequencies below resonance, a material has a given susceptibility (and therefore index of refraction) which leads to a particular propagation velocity.
0 At resonance, the material exhibits a higher index of refraction leading to a slower propagationvelocity . 0 At frequencies above resonance, a new plateau is reached with lower index of refraction and hence a faster propagation velocity.
If we assume an incident pulse has a center frequency close to the material resonance and a bandwidth wider than the absorption band (see Figure 5) , the resulting transmitted pulse will have an attenuated carrier and will therefore be dominated by the spectral components outside the absorption band.
But, more interestingly, because that part of the signal that is in the resonance region propagates slower than those parts outside the region, the outlying spectral components will reach an observer sooner than the main pulse (see Figure 6 ). The transient signal arising from the spectral components above resonance is known as the Sommerfeld Precursor and it passes through the material first. Next comes the Brillouin Precursor which arises from the spectral components below resonance. Finally, the main body of the pulse arrives last.
Although the Signal Precursor effect is often cited as a phenomenon unique to impulse radar, the effect is linear (Fourier Analysis applies), so there is no difference whether the pulse is an impulse or any other wide-band signal.
Furthermore, there is little reason to operate a radar in a resonance region of a material, since there are heavy absorption losses. It makes far more sense to simply use a narrow-band signal just outsik the absorption band. The phenomenon requires that the material have two states, usually a magnetic dipole moment, which can be precessed to a new (excited) angle and back again (although R. P. Feynman showed that a quantumjump can also be used). Figure 7 shows a magnetic dipole in a quiescent and an excited state. The precession angle 0 can be determined by:
where y is the gyromagnetic ratio, H is the incident magnetic field and r is the application time.
If the incident pulse has exactly the right energy and time to precess the magnetic dipoles to a new angle and back through a total change of 0 = 27r, the pulse can propagate through the material virtually unimpeded, since no energy is lost (the system's finaland initialstates are identical). The pulse is often called a " 2~" pulse since the area of the pulse envelope is 27rn (n is an integer). This relationship is also called the "area theorem. "
The pulse is usually distorted, however, and propagation velocities are very slow, typically 1,OOO times slower than in the linear regime.
The phenomenon was first demonstrated in 1967 by
McCall and Hahn using a ruby rod sample doped with chromium and cooled to -233 "C. Slusher and Gibbs demonstrated in 1972 the quantumjump case predicted by Feynman using dilute rubidium gas in a near-vacuum. Little work has been done since, but so far SIT does not seem to be a natural phenomenon easily exploited by a radar. SIT has only been demonstrated at optical frequencies and does not seem likely that it will hold for lower microwave frequencies where the thermal noise energy is much greater than the photon energy (kT > > h~. Furthermore, SIT has not been demonstrated at atmospheric temperatures and pressures, despite several attempts.'
Out-of-Bmd Effects
Departing from transmission effects and moving to scattering effects, we come to the phenomenon that most materials have a permittivity (E) or permeability (p) that is a function of frequency. This in turn leads to a reflectivity that is also a function of frequency since:
where R is the reflectivity, d is the thickness of the material, and j3 is the propagation constant = 2rIX. This is particularly important in the design of stealth targets, where the reflectivity is minimized. Figure 8 shows the attenuation as a function of frequency for a three-layer graded dielectric absorber ( p = pJ and Figure 9 shows the reflectivity of a number of sintered ferrite absorbers (E = EJ. (Note that the reflectivity shown for the femte is the negative attribute, "more is worse" .) From these figures it is clear that the frequency response of both types of materials is limited and that, in general, the dielectric absorber is more effective at higher frequencies while the magnetic (ferrite) absorber is more effective at lower frequencies. '' An impulse radar (or any other ultra-wideband radar) can take advantage of this phenomenon simply by transmitting and receiving a large amount of energy at frequencies outside the absorption region of the materials of interest.
Unfortunately, most of the advantage gained by stealth designs is due to shaping the target to reflect energy away from the radar rather than through absorbing the energy. This negates much of the advantage an impulse radar may have in detecting these target^.^ Natural Resonance Theory and the Singularity Expansion
Method
Another phenomenon that can be exploited by ultrawideband radar is the natural resonance theory. The idea is simply that a target will "ring" at a natural resonance upon being excited by a signal of the same frequency, or in this case an impulse with almost all frequencies. This is called thenatural response. The effect of the impulse is not unlike the striking of a bell, the natural response being the tone it emits.
Obviously, a complex target will have many different resonances, all of which can be excited by an ultra-wideband signal. The natural response is solely dependant on the target and is independent of incident angle and polarization.
The target response can therefore be decomposed into two components: The "early time" response which is the result of the incident signal being scattered by the target skin (which responds at about the speed of light), and the "late time" or natural response resulting from the target ringing after the impulse has passed.
Since a target may have many resonant modes, the natural response (late time) has many poles and zeros (singularities). The Singularity Expansion Technique was developed by C. Baum and colleagues in an effort to characterk the currents induced by nuclear electromagnetic pulse. They characterized the late time impulse response, I($), of a target by the sum of a series of complex exponentials, for t sufficiently large for the late time response to be valid:
where the coefficients a,, are independent of time, but may be dependent on angle on incidence of the pulse. The natural frequencies s,, correspond to the poles of the complex frequency response of the target F(s). These s,, have been shown to be independent of the form, direction of incidence, or polarization of the incident field, but are a functionof the shape and material of the scattering body.' Figure 10 shows the response of an F-18 aircraft model to a wide-band pulse. It is clear that, following the reflected pulse, there is a late time response consisting of several strong fundamental frequencies. These frequencies correspond to fesonances of the target, and are therefore unique to that target."
Not surprisingly, there are numerical solutions for the singularity expansion method which can be computed directly from the target geometry for simple targets using Prony's Method (circa 1795) as modernized by Van Blaricum." Although too complex to address here, the basic idea is to solve for the exponents in equation (7) by manipulating the matrix of poles and another matrix of sampled data points. There is also a uniform solution combining both early and late time response by Morgan.13 Of course an impulse radar is not required for detecting the natural resonances of a target, but since the frequency response of most targets has poles at fairly low frequencies, the impulse radar is a good candidate for exciting these responses. 
Conclusions
Much has been written lately about impulse radar in the popular press, particularly regarding it's military implications. An attempt was made here to address the major or interesting issues surrounding impulse radar, but this report was in no way comprehensive. There are many controversial claims about the subject that wouldbe interesting to study, such as the claim that Fourier analysis cannot be used for impulses, or the claims that impulses can be made too short to be detected by intercept receivers, or that the radars cannot be jammed. But there seems to be little written to support these claims. n e topics that were addressed were the ones that had solid supporting analysis behind them, and a common theme emerges: There are many interesting effects of impulse which may be exploited by impulse radar, but most of these are the result of ultra-wide bandwidth rather than the ultra-short pulse width. Furthermore, impulse radars, by their very nature, offer a host of problems not encountered by other, more stable, types of radars. The impulse waveform requires fundamental redesign of antennas, transmission lines, receivers, and signal processors.
It will undoubtably require a great deal more research and development to determine whether the benifits derived from
